Background: Infant-specific pertussis data, especially among neonates, are limited and variable. This study (NCT01890850) provides overall and agespecific pertussis incidence and associated health care utilization and costs among commercially insured infants in the US. Methods: Nearly 1.2 million infants born from 2005 to 2010 with commercial health plan coverage were followed during their first 12 months of life. Pertussis cases were identified from medical claims (International Classification of Diseases, 9th revision, Clinical Modification code: 033.0, 033.9, 484.3), and incidence rates were calculated. Each pertussis case was then matched to 10 comparators, so pertussis-related health care utilization and costs before and after the index date could be assessed. Results: The overall pertussis incidence rate among infants <12 months of age was 117.7/100,000 person-years; infants 3 months of age had the highest incidence rate (247.7/100,000 person-years). Infants diagnosed with pertussis were significantly more likely to have prior diagnoses of upper respiratory infection, cough and wheezing-related illnesses than comparators (P < 0.001). Pertussis cases were more likely to be hospitalized within 14 days after the index date (31.8% vs. 0.5%; P < 0.001) and their adjusted health care costs during follow-up were 2.82 times higher than comparators (P < 0.001; 95% confidence interval: 2.08-3.81). The incremental cost of pertussis during the 12-month follow-up period averaged $8271 (P < 0.001). The average incremental cost varied substantially by age, ranging from $18,781 (P < 0.001) to $3772 (P = 0.02) among infants 1 month and 7-12 months of age, respectively. Conclusions: The health burden of pertussis, particularly in the youngest infants, remains substantial, highlighting the need to intensify efforts to protect this most vulnerable population.
P ertussis/whooping cough, a contagious respiratory illness caused by the bacterium Bordetella pertussis, 1 can result in serious clinical and economic consequences. [2] [3] [4] [5] Typical symptoms include frequent paroxysmal coughing attacks followed by the characteristic inspiratory whoop. Other pertussis complications in infants include pneumonia, seizures, encephalopathy, dehydration and death. 6 Despite effective pertussis vaccines [7] [8] [9] and high rates of pediatric vaccination in the US, the number of reported pertussis cases has increased steadily. 8 In the US, pertussis is the least controlled of all bacterial vaccine-preventable diseases for which universal childhood immunization is recommended. 9, 10 The reasons for the recent rise in pertussis cases are not fully elucidated, but potential contributing factors include: increased awareness and disease reporting, improved diagnosis methods, waning immune protection after vaccination, genetic changes in B. pertussis and reduced duration of protection of acellular compared with whole cell vaccines. 11 Infant-specific pertussis data, especially among neonates, are limited and highly variable. 3, 12 Studies of pertussis risk factors are often limited to 1 geographic region or outbreak. 5 These studies are valuable for identifying environmental factors that may contribute to disease, such as community immunity, 3, 5 but their generalizability is challenging. Comparisons across countries, in particular, are difficult because of differences in vaccination uptake, and schedules, and clinical practice. The present study was designed to address knowledge gaps by utilizing large geographically diverse US health plan databases to estimate the incidence, health care resource use (HCU) and costs, and subsequently to identify factors associated with pertussis diagnosis among infants less than 12 months of age. The geographically diverse study sample provides incidence rates and measures of disease burden that are more generalizable to the entire US population than those from previous studies.
MATERIALS AND METHODS

Description of the Data Source
The Optum Research Database and the Impact National Benchmark Administrative Claims Database (Impact) were combined to create a large, geographically diverse US commercially insured study population. Health plan enrollment and administrative claims data (medical and pharmacy) from both databases comprised the study (NCT01890850) database. Medical claims information included the following: diagnoses and procedures recorded with International Classification of Diseases, 9th Revision, Clinical Modification codes (ICD-9-CM), Current Procedural Terminology or Healthcare Common Procedure Coding System codes, site of service, provider specialty, revenue codes (for facilities) and patient and health plan paid amounts. Pharmacy claims included all prescription pharmacy services covered by the health plans.
Subjects
The study population included all infants born between July 2005 and September 2010 and enrolled within 1 month of birth in a health plan included in the database. All health plan-enrolled infants were eligible for inclusion, regardless of whether they had a medical or pharmacy claim indicating HCU. A medical claim was not required for study inclusion. Those with incomplete information on gender or region of residence were excluded (<0.5%). Approximately, 3.1 million infants were identified and followed from birth to 12 months of age, disenrollment from the insurance plan, death or the end of the study period (September 2011), whichever occurred earliest.
Incidence of Pertussis
The pertussis incidence rate was calculated as the number of diagnosed cases divided by the total person-time at risk. Pertussis cases were defined as infants with at least 1 medical claim with a pertussis diagnosis code (International Classification of Diseases, 9th Revision, Clinical Modification code: 033.0, 033.9, 484.3) in any position. Medical claims with a pertussis diagnosis on the same day as a diphtheria, tetanus and acellular pertussis (DTaP) vaccination were excluded because in these situations, a pertussis diagnosis code may indicate the need for, or administration of, a pertussis vaccine rather than a pertussis diagnosis.
Incidence rates were stratified further by calendar year and infant age in months. For consistency, age in months was calculated using a 30-day month for all months except month 12, which could contain up to 35 days (36 in leap year 2008).
Identifying Factors Associated With Diagnosed Pertussis and Estimating the HCU and Cost Burden of Pertussis
Because the study objectives were exploratory, a nested casecontrol design was utilized to estimate potential factors associated with diagnosed pertussis as well as HCU and costs. Each infant with diagnosed pertussis was matched with infants without pertussis using birth year, region of residence, gender and data source (Optum Research Database or Impact). From the pool of matched comparators, a total of 10 eligible matches were randomly selected for each pertussis case and retained for the analysis. For infants with pertussis, the index date was defined as the date of the earliest claim with a pertussis diagnosis. For matched comparators, the index date was assigned to match the number of days from birth as the matched pertussis case. Infants identified with pertussis at any time were included in the pertussis cohort and were not eligible to be a matched comparator. Infants with pertussis and no suitable matches were excluded from the analyses.
The baseline observation period was defined as the time from enrollment in the health plan to the index date. The length of the baseline period varied depending on the age at index date. The follow-up period extended from, and included, the index date through the earlier of 12 months after the index date, disenrollment or the end of the study period.
Baseline diagnoses and HCU variables were defined using medical claims data from birth through the index date. Diagnoses with a clinically meaningful proximal relationship to the pertussis diagnosis were measured during the 2 weeks before the index date. Evidence of a DTaP vaccination was defined using medical claims and categorized as presence or absence of vaccination. HCU, including inpatient admissions, ambulatory visits (office and outpatient) and emergency department (ED) visits, as well as health care costs, were calculated during the baseline and follow-up periods.
The distributions of baseline diagnoses and treatment variables were evaluated descriptively and compared between matched pertussis cases and comparators. Clustered P values were calculated using Rao-Scott χ 2 tests and generalized estimating equations, as appropriate, to account for correlation because of the matching process.
HCU and costs were evaluated descriptively for pertussis and matched comparator cohorts for the baseline and follow-up periods. The proportion of infants with inpatient admissions, ambulatory visits (office and outpatient) and ED visits were described and compared using generalized estimating equations. Cost differences were tested with a bootstrapped t statistic distribution [with corresponding 95% confidence intervals (CIs)], as recommended by Barber and Thompson. 13, 14 Costs were adjusted to 2012 US dollars using the annual medical care component of the consumer price index. 15 A conditional logit model was used to identify factors associated with a pertussis diagnosis. Potential factors included: index year/quarter, birth quarter, population density (per US census definition), DTaP vaccination, premature birth, neonatal intensive care unit (NICU) hospitalization, ambulatory utilization and baseline clinical variables, including wheezing-related illnesses, respiratory syncytial virus, apnea, cough and acute upper respiratory infection (URI). The Akaike information criterion (AIC) statistic was used to determine which variable combination best predicted the outcome. Correlation among the clinical variables was reviewed before inclusion in the model.
To estimate the cost burden associated with diagnosed pertussis, costs during the follow-up period were modeled with generalized estimating equations with a gamma distribution and a log link to account for the highly skewed nature of health care cost data; 16 models included an offset of log follow-up time to account for differential follow-up. Standard errors were estimated using a robust sandwich estimator to account for clustering because of matching. For consistency and clinical relevance, potential factors associated with pertussis diagnosis were included in the adjusted cost ratio (CR) models.
Statistical analyses were conducted using SAS version 9.2 (SAS Institute Inc., Cary, NC) and STATA/SE version 11.0 (StataCorp LP, College Station, TX). 
RESULTS
Incidence Rate of Pertussis Overall and by Age
Among 1,185,927 infants born between July 2005 and September 2010, 1032 pertussis cases were identified. The incidence rate, per 100,000 person-years, was 117.7 cases per 100,000 person-years (95% CI: 110.7-125.1). The overall incidence rate was similar in each study year and was the highest among children born in 2010 (155.1/100,000 person-years; 95% CI: 132.4-180.5). When stratified by age (Fig. 1) , 3-and 2-month old infants had the highest incidence rates at 247.7/100,000 person-years (95% CI: 214.5-284.5) and 235.3/100,000 person-years (95% CI: 203.7-270.5), respectively. The incidence of pertussis decreased steadily from the 4th through the 12th months of life.
Pertussis Infants and Matched Comparators
After matching, 1023 infants with pertussis and their corresponding comparators were included in the analyses of factors associated with pertussis diagnosis, HCU and costs. Boys represented 51.9% of the sample (Table 1) . Nearly all pertussis cases (93.1%) and matched comparators (94.8%) lived in urban areas. Infants with diagnosed pertussis were significantly more likely to have the following diagnoses during the baseline period: apnea, acute URI, cough, respiratory syncytial virus infection and wheezing-related illness (Table 2) . Laboratory tests to confirm pertussis diagnosis were performed in 11.4% of the infants with pertussis and less than 1% of the corresponding comparators. The number of baseline doses of DTaP vaccine and age at first DTaP dose administration did not differ significantly between infants with pertussis and matched comparators. Nearly half of all infants with pertussis received at least 1 DTaP dose before index date (49.7% of infants with pertussis, 51.9% of matched comparators; P = 0.060) ( Table 1) .
Factors Associated With Pertussis Diagnosis
Pertussis-like clinical conditions occurring in the 2 weeks before the index date were the strongest factors associated with pertussis diagnosis (Table 3) . Among baseline characteristics, the odds of a pertussis diagnosis were nearly 18 times greater among infants who were treated for a cough in the 14 days before the index date compared with infants who were not [ 
HCU and Costs
Before pertussis diagnosis, infants in the pertussis cohort were significantly more likely to have medical encounters (Table 1) ; the largest difference observed in ED visits (27.6% vs. 9.7%; P < 0.001). Like HCU, total baseline costs (medical plus pharmacy) were also higher among infants with pertussis ($14,025; standard deviation: 94,470) versus the matched comparators ($8432; standard deviation: 40,075).
During the follow-up period, a significantly higher proportion of infants in the pertussis cohort versus the matched comparators had at least 1 hospitalization (35.8% vs. 3.3%; P < 0.001), ED visit (47.0% vs. 19.0%; P < 0.001) or ambulatory visit (99.2% vs. 92.3%; P < 0.001) ( Table 4 ). Hospital admission on or within 2 weeks of index date was significantly higher for infants in the pertussis cohort (31.8%) than for the matched comparator cohort (0.5%; P < 0.001). When stratified by age at diagnosis (Fig. 2) , the proportion of infants with pertussis who had a hospital admission on or within 2 weeks of the index date was higher among children diagnosed at a younger age, with the highest proportion (58.8%) among infants less than 1 month old. The rate decreased proportionally among infants diagnosed at older ages to ≤10% in those diagnosed at 7-12 months of age. A similar trend was observed for average length of hospital stay (Fig. 3) .
On average, health care costs during the follow-up period were $8271 (95% CI: $6686-$10,457) higher among pertussis cases than matched comparators. This difference was attributable primarily to inpatient costs ($5950; CI: $4569-$7884) (Fig. 4) . When stratified by age at the index date, the cost difference between the infants with pertussis and matched comparators was greatest among 1-and 2-month old infants at $18,781 (CI: $11,932-$27,320) and $15,446 (CI: $9214-$25,587), respectively.
Stratification by the number of DTaP doses received before the index date also revealed differences in follow-up health care costs, particularly for inpatient costs ( 
Predictors of Costs
After adjustment for pertussis diagnosis risk factors, costs remained significantly higher among infants with pertussis versus matched comparators (CR: 2.82; 95% CI: 2.08-3.81) ( Table 3 ). The main drivers of a higher CR among infants with pertussis diagnosis were baseline HCU, premature birth and vaccination status.
DISCUSSION
In this study of diagnosed pertussis among infants less than 12 months of age in a large US managed care database, incidence rates were fairly stable but peaked in 2010. These results are consistent with trends reported by the Centers for Disease Control and Prevention. 17 Incidence was highest among younger infants (2-3 months of age) and decreased steadily from the 4th through the 12th months of age. With the exception of the first month of age, incidence rates reported in this study were slightly higher than those reported from a nationally representative surveillance system which increased incidence estimates by 15% to account for under-reporting. 18 Only 11.4% of the infants with a claim for pertussis also had evidence of a laboratory test to confirm pertussis diagnosis, implying that most of the diagnosis were based on infants' symptoms. The conditional logit model found that infants who were treated for respiratory symptoms or pertussis-like conditions in the 14 days before the pertussis index date had the highest odds of subsequent pertussis diagnosis, suggesting missed or delayed pertussis diagnosis. Diagnosing pertussis in a timely fashion in young infants is challenging, and these findings emphasize the importance of including pertussis in the differential diagnosis of very young infants presenting with respiratory symptoms, given the levels of pertussis disease circulating in the community. 6, 19, 20 DTaP exposure was not among the statistically significant factors associated with pertussis diagnosis in this study but was significantly associated with treatment costs. The role of DTaP vaccination is challenging to assess since protection from vaccination is not expected before the 6-7th month of life after completion of the primary series, and in this study, most of the pertussis cases occurred in the first few months of life, before infants had either started or completed the DTaP primary series. This study supports the Centers for Disease Control and Prevention decision to protect infants from exposure to the pertussis organism by recommending a dose of reduced-antigen Tdap vaccine to each pregnant woman between 27 and 36 weeks gestation during each pregnancy and to all people with close contact with the infants, including parents, grandparents, relatives, babysitters, nannies, daycare providers and housekeepers. 20, 21 Both HCU and costs were significantly higher among infants with pertussis than matched comparators. More than one-third of infants with diagnosed pertussis were admitted to hospital in the follow-up period compared with <4% of matched comparators. Furthermore, most hospitalizations occurred within 2 weeks of the index date and were inversely associated with infant age. Overall costs were driven by inpatient costs, particularly among the youngest, most vulnerable infants. A hospital-based study of infants less than 12 months of age reported even higher costs among those with pertussis; however, that study population was limited to infants admitted to the hospital. 4 The current study considered costs across the continuum of care.
Limitations
Inherent to all claims-based studies, the data were collected for the purpose of payment and not research. Of particular relevance for this study, a pertussis diagnosis was based on the presence of a pertussis diagnosis code in the medical claims. Miscoding as well as under-and missed-diagnoses, especially among infants with milder or atypical illness, are possible. Both the failure to code and the failure to diagnose pertussis would result in underestimation of the true rate of disease in this population. Additionally, claims data do not capture many of the environmental risk factors associated with pertussis infection and/or burden, including family composition, 5 community exposure or level of immunity in a small geographic area. 2 Inclusion of these additional factors may have changed the results of the factors associated with pertussis diagnosis identified in this study. Finally, the design of the study does not allow for estimation of DTaP effectiveness.
In conclusion, we confirmed that the pertussis incidence among infants less than 12 months of age in the United States is higher than expected given the overall vaccination rate; especially among infants below 3 months of age. Furthermore, pertussis management was associated with a substantial economic burden, as medical costs of infants with reported pertussis were about 2.82 times higher than those of matched comparators. These findings highlight the continued importance of pertussis management and prevention strategies to protect infants, with particular emphasis on those who were too young to complete DTaP vaccination. This geographically diverse study provides clinicians and policy makers with needed quantifiable evidence that can be used when deciding on priorities to protect infants from pertussis and its sequelae.
